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FOREWORD 

This report describes work performed by Block Engineering, 

Inc., 19 Blackstone St., Cambridge, MA 02139, under Contract 

# F33615-74-C-2142.  The objective of this effort was the design 

and fabrication of a SWIR replacement sensor for the Firebird 

Interferometer System, fabricated under Contract # F33615-72-C-1074, 
■ 4 

The SWIR sensor was successfully completed and integrated into 

the Firebird system. The project engineer was R.B. Sanderson, 
AFAL/RWC. 

This program was a joint effort, supported in part by the 

Advanced Research Projects Agency under Project 2116 and in part 

by the AF Avionics Laboratory under Project 76600113.  The ori- 

ginal Firebird contract was supported oy  ARPA Project 2116 and 

AFAL Project 7660112.  The final report for this effort has been 

U      published as AFAL TR-79-340. Aircraft modifications and fabri- 

cation of a LLLTV acquisition and tracking system were performed 

under AFAL Project 75600114 and are described in AFAL TR-74-247. 

Research was performed during the period July 1972 - June 1974 

and the report was submitted in August 1974. 

Preceding page blank 
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Under Contract No. F33615-74-C-1074, Block Engineering, 

Inc., Cambridge, Massachusetts was contracted to design, 

develop, fabricate, and test an airborne, high resolution 

interchangeable short wavelength infrared (SWIR) spectrometer 

for use with the Firebird system previously constructed under 

Contract Mo. F33615-72-C-2142. 

The primary objective of the program was to provide a 

short wavelength spectroscopic capability to the Firebird 

system.  The extension to shorter wavelengths permits ac- 

quisition of high resolution data in the important 2.7 and 

4.2 micron regions.  This information is considered essential 

for the development of plume radiation models and the unambig- 

uous identification of specific excitation mechanisms in the 
SWIR spectral region. 

The sr-üctrometer to be built for this program was to 

utilize a rapid scanning, high spectral resolution Michelson 

interferometer operating at high altitude ambient temperatures, 

around 220oK.  The sensor was to have a spectral range of 

2-5.5 microns and a field of view of 5.6 milliradians which 

could be pointed at or held on airborne targets by means of 

the Firebird stabilized tracking system.  The sensor was to 

be a direct replacement for the long wavelength infrared (LWIR) 

Firebird sensor with a minimum of changes to the remaining I'ire- 

bird system components to insure optimum sensor interchangecbility, 

The interferometer spectrometer was designed, developed, 

and fabricated at the contractor's facilities in Cambridge, 

Massachusetts.  The sensor met or exceeded all design speci- 

fications with the exesption of the sensitivity requirement. 

Failure to meet sensitivity specifications was attributed to 

unusually high detector noise mechanisms limiting the sensi- 

tivity improvement unde- reduced background conditions, fully 
discussed in Section VI. 
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llloclt   r.nsinerrin«.  Inc. 

^MM|-|aaiaHM| 
llMUJaBHWailMtlBl«!!«    II 



UMnuii^^HMP««    tni tminwmmm^imm^im^ i um        '    ■  ifiiii »pwmw ■■  ' '•"*  "•' •■ ■■■■««■   ■      i    

.. 

.. 

, i 

V    k 

SECTION   I 

INTRODUCTION 

1.0  Program Background 

The purpose of this program was to design and fabricate an 

airborne, high resolution, high sensitivity interferometer head 

operating in the 2-5.5 micron spectral region.  The sensor, 

cooled to amb:.ent temperature at altitude, provides a short 

wavelength spectroscopic capability to the Firebird interfero- 

meter system developed by Block Engineering, Inc. for the Air 

Force under a previous contract, #F33615-72-C-2142.  It is ex- 

pected that data obtained from the SWIR sensor will help re- 

solve questions concerning plume radiation mechanisms and spe- 

cific radiating species in the important 2.7 and 4.2 micron 

regions. 

The design and construction of the interferometer spectro- 

meter is basically similar to the rapid scanning LWIR Michelson 

interferometer constructed for the Firebird program.  The use 

of modern rapid scanning interferometers to obtain spectral 

distributions of various sources is rapidly supplanting the ap- 

plication of grating and ether instrument types because of the 

inherent spectral precision in difficult environments, since 

all wave1 ngths act simultaneously to produce the signal, and 

complete high resolution spectral information is obtained in a 

fraction of a second.  Block has developed an extremely rugged 

version of the rapid scanning Michelson interferometer in its 

Model 197 unit that has operated successfully in various con- 

figurations from 770K to 3270K, in vacuum and under atmos- 

pheric conditions of up to 100% relative humidity, with space- 

craft launch, aircraft and helicopter field environments appli- 

cable.  This unit formed the basis of both the Phoenix and 

Firebird sensors. 

This report presents a summary of the completed 13 month 

-1- 
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activity by Block Engineering to construct and successfully 

test the Phoenix spectrometer system for the Air Force Avionics 
Laboratory, Wright-Patterson Air Force Base. 
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- Modifications  to the remaining Firebird subsystems  as 
necessary to insure proper sensor operation. 

Major Functional Requirements 

Sensor Head 

:l 

Q 

Ö 

Collecting Optics 

a) Pointing range: pitch ±  30°, roll ± 10° from zenith 

b) Aperture: 4" diameter minimum full aperture 

c) Field of view: 5.6 mrad full angle 

d) Operating temperature: 220oK as a design goal 

Interferometer 

a) Spectral range: 2-5.5 microns 

b) Spectral resolution: 0.7 cm 

c) Wavenumber precision: 0.1 cm 

d) Spectral scan rate: 3 scans/soc 

J- e) Operating temperature: 250oK maximum with 220oK as a 
design goal 

f) Sensitivity:  NESR (2y) = 4 x 10"9 w/cm2-ster-cm" -scan 

NESR (4u) = 2 x 10"9 w/cm2-ster-cm~ -scan 

Specified Components 

a) A reference interferometer shall be used to accurately 
measure the moving signal mirror position and velocity. 

b) Full internal radiance calibration capability shall be 
supplied. 

c) A window over the telescope aperture shall be provided. 

d) The telescone shall be equipped with a retractable 
capping mechanism to protect optics from sea level 
ambient water vapor environment. 

-4- 
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ü 2.2 Design Approach 

2.2.1  General System Description 

The Phoenix spectrometer package consists of a replacement 

high resolution, high sensitivity interferometer head operating 

in the 2-5.5 micron spectral region near ambient temperature 

at altitude (220oK). In addition to the sensor head, the Phoe- 

nix system also includes a set of plug-in printed circuit cards 

which provide unique control of the sensor via the Firebird 

main frame electronics. 

The integration of the sensor unit with the Firebird 

system occurs solely at the gimbal interface.  Mechanically, 

the sensor mounts to the gimbal structure in a manner similar 

to its Firebird counterpart.  The sensor mass is essentially 

identical to that of the LWIR sensor, eliminating any require- 

ment for gimbal servo loop optimization with each head inter- 

change.  In addition, the electrical and cryogenic interfaces 

at the gimbal site require no modification since the electrical 

wiring and plumbing external to the sensors remain intact; see 

Figure 1. 

The operation of the replacement sensor head is monitored 

and controlled via the 3 control panels provided with the Fire- 

bird system.  These controls include internal heater controls, 

interferoF3ter controls, and telescope door controls as well as 

several key component status lights and an output signal moni- 

toring meter. Preflight system verification is accomplished 

through the Firebird ground support equipment package which re- 

tains its versatility in the Phoenix configuration.  The pack- 

age displays all instrument parameters for quick operator in- 

spection. 

Although the sensor units are similar in many respects, 

due to the different wavelength coverage, the SWIR sensor dif- 

fers substantially in several areas particularly in the signal 

frequencies generated and the less stringent cooling needs 

U 
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2.2 Design Approach 

2.2.1 General System Description 

The Phoenix spectrometer package consists of a replacement 

r. high resolution, high sensitivity interferometer head operating 

in the 2-5.5 micron spectral region near ambient temperature 

at altitude (220oK). In addition to the sensor head, the Phoe- 

nix system also includes a set of plug-in printed circuit cards 

which provide unique control of the sensor via the Firebird 

main frame electronics. 

The integration of the sensor unit with the Firebird 

system occurs solely at the gimbal interface.  Mechanically, 

the sensor mounts to the gimbal structure in a manner similar 

to its Firebird counterpart.  The sensor mass is essentially 

identical to that of the LWIR sensor, eliminating any require- 

,        ment for gimbal servo loop optimization with each head inter- 

change.  In addition, the electrical and cryogenic interfaces 

at the gimbal site require no modification since the electrical 

wiring and plumbing external to the sensors remain intact? see 

Figure 1. 

The operation of the replacement sensor head is monitored 

and controlled via the 3 control panels provided with the Fire- 

bird system.  These controls include internal heater controls, 

interferometer controls, and telescope door controls as well as 

several key component status lights and an output signal moni- 

toring meter. Preflight system verification is accomplished 

through the Firebird ground support equipment package which re- 

tains its versatility in the Phoenix configuration.  The pack- 

age displays all instrument parameters for quick operator in- 

spection. 

Although the sensor units are similar in many respects, 

due to the different wavelength coverage, the SWIR sensor dif- 

fers substantially in several areas particularly in the signal 

frequencies generated and the less stringent cooling needs 
) 
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w required, see Table 1 for a complete list of system speoxfx- 

cations for the Phoenix sensor. These differences make .t neces- 

sary to modify certain Firebird subsystems to accomodate the 

Phoenxx sensor. Electrically the chants, consist of the remo- 

val and substitution of appropriate printed circuit cards 111 

the main frame electronics.  These cards provide unique control 

for each system and will not require adjustment when sensors 

are interchanged.  In addition to these reversible modrfica- 

tions, the successful integration of the Phoenix sensor with 

the -irebird system required that a once only modificatron be 

implemented on the ground-based Firebird data processing sub- 

system to accomodate the higher electrical frequencies genera- 

ted by the Phoenix sensor. The modification, carried out at 

the contractor's facilities, consisted of changing the origrnal 

15 bit A/D converter to a 12 bit machine. The 12 bit A/D has . 

faster conversion time per input data point, increasing the 

sampling rate capability of the system from 20 KHz to 100 KHz. 

To achieve the high detector sensitivity required for the 

Phoenix sensor, it is necessary to reduce the optics photon 

noise below intrinsic detector preamplifier noise.  T^s ob- 

jective is accomplished by reducing the temperature of the 

spectrometer sufficiently so that the remaining bacKground 

signal and noise comes from atmospheric radiation  Srnce the 

contribution to noise of an instrumental background at 220 

is reasonably small in the 2.0 to 5.5 micron region, the 

Phoenix sensor need not be cooled to the extremely low 

temperatures constraining the bWIR sensor. This «-»e"»» 
in cooling complexity results in a relatively srmple coolrng 

loop control system utilizing a single cooling coil rn serres 

with a thermistor controlled liquid nitrogen flow valve  One 

additional advantage of the Phoenix cooling system rs the 

manually selected initial coc.l-down mode of operatxon whrch 

reroutes the venting GN-, through the internal spectrometer 

housing, convectively aiding in the heat transfer process. 

-7- 
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1 
TABLE 1 

SENSOR SPECIFICATIONS 

„ 

l! 

0 

Spectral Range (microns) 
o 

Throughput (cm^-ster) 

Nominal Resolution (cm ) 

Retardation (cm) 

Retardation Rate (cm/sec) 

Sample Interval (microns) 

Scan Rate (scans/sec) 

Mono Frequency (kHz) 

Sample Frequency (kHz) 

Signal Frequency (kHz) 

Interferogram Length at 
Sample Frequency (words) 

Throughput Match Wavelength 
(microns) 

Detector: 

Diameter (mm) 

Temperature (0K) 

Cryogen Hold Time (hours) 

Cold Filter (removable) 

Field of View: full angle 
(degrees) 

Instrument: 

Temperature (0K) 

Telescope Diameter (inches) 

Field of View: full angle 
(degrees) 

Beamsplitter: Coating 

Optical Elements 

Obscuration with Secondary 

2 - 5.5 

2 x 10"3 

0.64 

1.56 

5 

0.95 

2.9 

150 

50 

8.6 - 24 

16K 

2.0 

InSb 

1.0 

77 

8 

CS 0-54 (Corning Glass) 

35 

250 

4 

0.32 

CaF2:Si 

Ge 

0.14 
I 

-8- 
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Although the cooling system capability permits 2200K 

operation throughout the sensor, several components are main- 

tained at elevated temperatures to insure reliable and accurate 

interferometer bearing operation.  These components comprise 

the double cube interferometer assembly which is stabilized at 

250oK by the use of contact heaters.  In short, the sensor op- 

tical system is cooled to 220oK while the cube assembly is 

maintained at 2500K. 

2.2.2  Spectrometer Description 

The Phoenix sensor head contains: the main or "signal" 

interferometer and integral transducer assembly, the reference 

i:._erferometer system, the detector/LN2 dewar unit, the inter- 

nal calibration source, and several key temperature monitoring 

and control devices. 

Figures 2 and 3 contain a layout view of the Phoenix sensor 

Figure 2 reveals a heated door over the telescope entrance 

window which prevents abrasion of the window surface and accu- 

mulation of water or frost during instrument cooldown.  In ad- 

dition, the door contains a full aperture reference blackbody 

against which the instrumental background temperature can be 

measured for calibration purposes during operation at altitude. 

The door mechanism is remotely actuated by a single plane- 

tary gear/DC motor assembly controlled via the flight control 

panel.  The assembly drives a 30:1 reduction worm gear which 

provides the mechanical advantage necessary for positive seal- 

ing against moisture.  In the event of power failure, the door 

is automatically closed via a fail-safe battery pack located in 

the control chassis. 

To inhibit frost build-up on the external surface of the 

sensor top plate from interfering with instrument .operation, a 

400 Kz contact heater pad is mounted on the internal side of 

the top plate.  The temperature of the top plate is controlled 

-9- 
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u 
to slightly above ambient temperature to insure minimum morsture 

condensation.  The interferometer/telescope assembly which rs 
1 .     supported via this top plate is thermally isolated from the 

warm section by phenolic standoffs. 

The external instrument housing provides thermal isolation 

from ambient surroundings via a vacuum insulated doubl, wall 

shell. This housing can be removed in its entirety, exposing 

the instrument for adjustment. 

J .igure 3 contains a layout view of the interferometer 
H       spectrometer including foreoptics.  m this view, the reference 

laser is not shown, since it is mounted behind the reference 

cube assembly. Also not shown is the laser tube housxng whrch 

Li       completely encloses the laser minimizing thermal gradrents. 

The interferometers used in this instrument are of the 

conventional Michelson design, utilizing the phenomenon of 

interference to produce a spectrally encoded signature of the 

input energy referred to as an interferogram. The recovery 

of the spectral information is obtained by performing a Fourrer 

transform on the resulting signal which may be thought of as a 
U       simple harmonic analysis of the interfercgram. 

I | The resolution Av (cm"1) of a Michelson interferometer is 

inversely proportional to the optical retardation B (cm) of 

[I       the spectrometer (i.e., twice the physical motion of the movrng 
1       mirror) and is constant in wavenumbers throughout the spectrum. 

TC achieve .64 cm"1 spectral resolution with the Phoenix 

sensor, a one-sided interfercgram with a .73 dm maxrmum path 

difference between reflected and transmitted rays is requrred. 

U Spectral coverage to 5.5 microns is obtained by the use 

of germanium optics and a calcium fluoride beamsplitter as 

„ell as a liquid nitrogen cooled indium antimonide detector. 

As mentioned previously, to enhance the sensitivity cf the 

i .: 
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spectrometer in the spectral region of interest, the sensor is 

cooled to temperatures approximating ambient temperatures at 

altitude.  This cooled approach consists of a two level 

temperature control system utilizing liquid nitrogen supplied 

directly from th« Firebird supply reservoir to cool the system 

optics to 220oK while 400 Hz heaters attached to the double 

cube assembly maintain the temperature sensitive interferometer 

bearing components at an elevated temperature of 250oK. The 

sensor cooling loop diagram is shown in Figure 4. 

Accurate information concerning the position and velocity 

of the moving mirror is provided through the "reference" inter- 

ferometer assembly.  The designation "reference" comes about 

since the interferometer measures the instantaneous displace- 

ment of the moving mirror with respect to a reference position. 

The reference interferometer for this particular instru- 

ment utilizes a double pass approach with corner cube retro- 

reflectors inserted in place of the plane mirrors in a standard 

interferometer.(Figure 5). The optical system doubles the 

optical retardation and hence doubles the frequency of the 

cosinusoidal signal from the monochromatic HeNe laser reference 

source.  The effective wavelength of the source with this 

arrangement is .6328/2 microns.  The advantage of using retro- 

reflectors as the reflective elements in the reference inter- 

ierometer is their insensitivity to tilt or wobble. This 

stability is of prime concern with the Phoenix optical head 

required to operate over a wide range of attitudes.  In 

addition, for the desired wavelength coverage of 2 to 5.5 

microns the minimum sampling interval required by the samplirg 

theorem is one micron. The one micron sampling interval is 

easily synthesized from the optically doubled signal by taking 

-13- 
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every third going positive zero crossing as the sample interval, 

the resulting sampling wavelength is (0.6328y) x (3/2) or approx- 

imately 0.95 microns. 

The actual scan length of the instrument is determined by 

the sampling interval - interferogram word count product which 

is obtained by binary counters which count the zero crossings in 

the monochromatic reference interferogram 

B = (X ) (2N) 
s 

where 

B ■ optical retardation (cm) 

X = sampling wavelength (cm) 
s N   .    j- 

N ■ number of zero crossings, where 2 = interferogram 
size 

For the Phoenix sensor, the design constraints limited the 

interferogram word count to 16K (N = 14) points resulting in a 

retardation of 1.55 cm.  The typical active scan rate of the 

sensor is 2.9 scans/sec based upon the retardation rate of 

5.0 cm/sec with a 90% active duty cycle. 

In addition to the monochromatic source, a white light 

reference generated by a tungsten lamp source and a germanium 

detector provides absolute positional information and serves as 

a starting point for the determination of scan length.  The 

reference position or fiducial occurs at zero retardation, a 

unique position in the mirror scan where all energy is phase 

coherent.  The white light interferogram is symmetric about 

this reference position with the peak interferogram amplitude 

proportional to the total energy modulated by the interfero- 

meter.  The white light positional information serves the fol- 

lowing purposes: first, it resets all the digital counters, en- 

abling data collection to begin at the same position in the 
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scan with the required precision.  Second, during retrace, it 

provides for reset termination and scan initiation. 

The design of the bearing and transducer assembly which 

supports the moving mirror in the signal interferometer and the 

moving corner cube in the reference interferometer was the ob- 

ject of a considerable amount of effort during the design and 

development phase of the original Firebird program. 

Essentially the bearing and transducer assembly consists 

of the two moving optical elements attached to an inner glass 

bearing.  The assembly as a unit is located within a field gen- 

erated by a permanent magnet.  Scanning is thus accomplished by 

applying the proper voltacj waveform to the coil causing the 

assembly to move in a manner similar to the voice coil moving 

in a loudspeaker assembly.  This moving assembly is supported 

by a cylindrical outer bearing manufactured to tolerances such 

that the tilt of the bearing is held to within 10 arc seconds 

per centimeter of retardation (Figure 6).  This tilt results 

in a weighted path length error across the aperture expressed 

as 

AX  = 0.424 x a x B x D 

where 

.-5 
AX. = misalignment (cm) 

a = tilt coefficient: 5 x 10 ^ rad/cm 

B = the optical retardation: 1.56 cm 

D = the diameter of the mirror: 2.54 cm 

Considering the shortest wavelength of interest for the Phoenix 

program to be Xs = 2.0 ym, we can present the bearing tilt as a 

fractional part of Xe using the above relation. 

AX. 
< 0.42 

s 
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The effect of this tilt is to diminish the energy coherence 

at the end of the stroke, reducing resolution.  The performance 

characteristics of the interferometer observed during the 

program acceptance test phase indicated that a measurable tilt 

factor, in excess of 10 arc seconds, currently exists in the 

bearing assembly.  This observation is discussed further in 

Section 6.1.2 . 

As mentioned previously, the design of the signal inter- 

ferometer incorporates an indium antimonide photovoltaic detec- 

tor cooled to 770K providing photon noise limited performance 

under reduced background conditions.  This particular detector, 

a solid state device utilizing a diffused p-n junction, was 

manufactured by Barnes Engineering Company, Stamford, Con- 

necticut.  Parameters and characteristics of this detector 

as measured with a controlled background radiance are given 

in Table 2.  The results indicate cooling the interferometer 

below ambient temperature does provide an improvement in 

sensitivity by a factor of 2.1.  However, this increase in 

detectivity falls somewhat short of the improvement predicted 

strictly by photon flux reduction which is expressed as the 

following ratio 

1/2 

V5.5U (300OK) 

Qn K 7,     (220^) 

1/2 2.2 x 10 
14 

6.3 x 10 12 
= 5.9 

This anomalous result is discussed further in Section VI 

describing the total system performance. 

The final design for the Phoenix detector/dewar assembly 

includes provision for mounting an optional cold filter for 

250oK sensor operation.  This liquid nitrogen cooled glass 

filter reduces the spectral range of the sensor to 4.5 ym 

improving the sensitivity in the 2.0 - 4.5 micron region by 

further reducing the photon flux incident on the detector. 
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TABLE 2 

INDIUM ANTIMONIDE DETECTOR 

Detector InSb, 770K 

Serial No. 614-74 

Diameter, cm 0.10 

Surface loss, T\ 0.68 

Capacitance, pf 187 
(a) 

Dynamic impedance, Mfi 

Test Conditions 

Test frequency, Hz 

Noise bandwidth, Hz 

Blackbody temperature, 0K 

300oK Background 

Detector F.O.V., full angle 
degrees 

67 

1000 

50 

500 

Photon flux, phot-sec 
-1 

-1 Flux density, watts-cm 
-1/2 

NEP , , watts-Hz 

Responsivity, amps-watt 
1/2 

D*(X ., 1000, 1), cm-Hz / 

Reduced Background 

Detector F.O.V., full angle 
degrees 

Photon flux, phot-sec 

Flux density, watts-cm 

NEP , , watts-Hz" / 
Pk ^ 

Responsivity, amps-watt 

D*(X k, 1000, 1), cm-Hz
1/2 

-watt -1 

35 

2.2E + 14 

4.5E - 06 

5.2E - 13 

.441 

1.7E + 11 

(b) 

-watt -1 

5 

6.3E + 12 

4.5E -. 06 

2.4E - 13 

.36 

3.63E + 11 

(b) (c) 

(a) Measured viewing 770K background 

(b) Photon flux does not include surface loss 

(c) Simulated 220oK background flux 
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The transmission curve for the filter. Corning CSO-54, is 
shewn in Figure 7. 

The expected sensitivity improvement with the filter in 

the system can be determined on the basis of the incident flux 

reduction.  The actual filtered flux is calculated by in- 

tegrating the filter transmission with the background flux 

to arrive at the incoming flux level at the detector surface 

e * = i/Q  rif AX]  x i 

where 

* = total photon flux entering detector, photons-sec"1 

Q = background photon flux density, photon-sec^-cm^-ym-1 

nf = filter transmission, parametei at source-referred 
wavelength 

AX = spectral bandwidth, ym 

6 = system throughput, cm2-ster, 2.0 x lO-3 cm2-ster 

The flux calculated using this expression assumes background 

flux levels corresponding to a uniform instrument operating 
temperature of 250oK, consequentlv 

* = 8.7 x 1010 photon-sec"1 

Now, assuming the quantum efficiency is constant over the 

spectral range, and if.the detector cutoff is included in the 

optical efficiency, the expression for the detector noise 
equivalent power, NEP, can be written 

NPp _ hcv r2$AflJ5 -k 
 ~    [~q~i       watts-Hz   (he v >> kT) 

where 

h = Planck's constant, 6.626 x lo"34 joule-sec"1 

c = velocity of light, 3.00 x 1010 cm-sec"1 
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v = wavenumber, cm 

n = optical efficiency of detector and cold filter at 

source-referred wavelength 
10 

$ = total photon flux entering detector, 8.7 x 10 

photons-sec 

Af = electrical bandwidth, 1 Hz 

q = detector quantum efficiency, 0.60 
^e 

Thus for the wavelengths of interesc 

NEP(4.2 m.   filtered) = 1.32 x lO-13 watts-Hz 

NEP(2.7 ym, filtered) = 6.03 x lO-14 watts-Hz 

For a 250oK unfiltered background, the photon flux level can 

be determined from the following 

18 -1  "2 0   = 2.4 x 10  photons-sec -cm 
tot 

V5.5pm = (1-6 x 10"3) ' Qtot 

or 
15 -1  "2 O       = 3.9 x 10  photons-sec  -cm v0-5.5ym 

therefore 
13 -1 

«l)(250oK)= 3.0 x 10  photons-sec 

substituting into the expression for NEP results in 

-12        -H 
NEP (4.2 (im, unfiltered) = 2.45 x 10   watts-Hz 

-12        -h 
NEP(2.7 ym, unfiltered) = 1.12 x 10   watts-Hz 

The improvement in sensitivity with the glass filter inserted 

can now be expressed as the following ratio 
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@ 4.2 Mm 

§ 2.7 m 

["2.45 x 

LI.32 x 

["1.12 x IP"1 

L6.03 x lO"1 

10"12 watts-Hz"^ 

10"i;i watts-Hz"*5 

-12        -% 
watts-Hz ^ 

14        ^17 
watts-Hz ^ 

= 18.6 

= 18.6 

In practice, the detector experiences the lower flux levels 

consistent with a 22C°K background with the interferometer 

operating at 250oK resulting in a slight increase in the 
improvement factor calculated above. 

2.2.3 Optical Design 

The optical layout of the Phoenix spectrometer is shown in 

Figure 8 (se. Table 3 for description).  The optical system is 

comprised of a cooled Newtonian telescope assembly, entrance 
field stop, and the interferometer. 

Energy enters the spectrometer through the cold calcium 

fluoride window and is focussed at the entrance field stop 

by the telescope optics.  The energy is then collimated by 

the interferometer entrance lens into the interferometer 

signal cube, and is finally focussed by the exit lens onto 

the detector.  The field of view of the instrument is 5.6 
mrad full angle. 

2.2.4 Cryosystem 

The Phoenix cryosystem consists of the Firebird LN 

storage reservoir, including vacuum insulated transfer line, 

and the sensor head cooling loop.  The system cooling loop 
block diagram is shown in Figure 4. 

Pressurized liquid nitrogen is supplied to the optical 

head via the LN2 storage tank, transfer line, and flow control 

■ 
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valve.  Originally, the cryosystem included a liquid nitrogen 

gas generator which accepted the liquid nitrogen from the 

reservoir and generated cold gaseous nitrogen which was cir- 

culated at variable rates through the sensor cooling coils. 

Unfortunatley, the unreliability of the unit (see Section V) 

resulted in a modification to the cryosystem to allow direct 

transfer of liquid nitrogen to the sensor head.  The liquid 

nitrogen delivered to the sensor is circulated through a 

single cooling coil mechanically attached to the double wall 

instrument housing, providing radiative and conductive cooling 

of all internal components.  Typically, this heat transfer 

process raises the temperature of the nitrogen ^o approximately 

220oK, generating cold gaseous nitrogen within the coil. 

During normal operation this gas is vented directly to ambient 

via a 4 psig check value.  However, during initial sensor cool- 

down this cold gas is used to convectively enhance the thermal 

transfer by venting the GN2 directly into the instrument chamber, 

Venting the gas through the instrument allows it to take up a 

considerably larger amount of heat during cooldown, while the 

coil is sufficient by itself during cold operation.  This 

technique allows the sensor to cool fairly raoidly, requiring 

200 moles of gas or 7 liters of liquid nitrogen to cool the 

system in approximately 2 hours. 

The control loop associated with the cooling system util- 

izes a calibrated thermistor attached to the cooling loop 

exit manifold.  As the temperature of the exit gas varies, 

the voltage across the thermistor varies accordingly.  The 

resultant voltage is referred to the input of the flow control 

valve driver circuit located in the electronics chassis.  The 

circuit has a preset threshold hysteresis which corresponds to 

an 80K temperature differential between valve mode changes, 

e.g., 227C,K valve opens, 2190K valve closes.  The valve 
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hysteresis optimizes the cooling loop duty cycle to approx- 

imately 50% at altitude insuring in excess of 4 hours cooling 

capacity. 

2.2.5  Interferometer Electronics 

The interferometer head electronics consist of the signal 

detector and preamplifier, the reference detectors and pre- 

amplifiers, the laser and DC-DC converter supply, the piezo- 

electric mirror adjust, and the transducer drive coil (see 

Figure 9). 

U The indium antimonide detector operating over 2 - 5.5 

microns produces spectrally encoded signals in the 8.6 - 24 kHz 

reaion requiring a preamplifier with extremely low noise char- 

acteristics over a wide range of frequencies.  The preamplifier 

designed for this system incorporates a dual FET input stage 

coupled to a standard operational amplifier circuit whose gain 

has been optimized for this particular detector.  The noise 

contribution of the preamplifier, less than 2 nanovolts per 

root cycle input noise voltage, is such that the photon 

generated noise of the detector is the limiting noise in 

determining the sensitivity of the instrument.  The signal 

output from the preamplifier passes through the signal cable to 

the Ihoenix signal card located in the control electronics chassis. 

The reference detectors, silicon (HeNe), and germanium 

(white light) are located at the exit of the reference cube and 

are the source of information regarding transducer velocity and 

position. 

The reference preamplifiers consist of an FET buffer and a 

high gain-wide bandwidth crerational amplifier with high cur- 

rent ouput capability designed to decrease the ouput impedance 

of the lines carrying the signal to the control chassis while 

■ 
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introducing some gain to the reference signals.  The preampli- 

fiers are located in the a.t junction box. 

The laser DC-DC converter provides a 1.5 KV-DC filtered 

bias to the HeNe laser during normal operation.  The supply is 

externally mounted on the door motor drive housing and is qual- 

ified for low temperature-low pressure operation.  Primary 

power to the converter is an unregulated 28V-DC t* supplied by 

the aircraft. 

The piezoelectric fixed mirror adjust operates on a ±400 

V-DC supply.  Variations in the DC level result in a correspond- 

ing variation in the fixed mirror alignment in the signal in- 

terferometer via piezoelectric elements attached to the mirror 

mount.  The two elements are arranged to provide for a tilt of 

the fixed mirror about two orthogonal axes.  The alignment con- 

trols are located on the flight control panel. 

Elevated temperature control of the interferometer, the 

top plate, and the door source is maintained via three indepen- 

dent servo control loops.  Each temperature controller consists 

of a simple servo loop comprised of a thermistor bridge cir- 

cuit, zero crossing AC Trigac, time proportioning circuit, 

Triac, and heater blankets.  The significant features of the 

temperature controllers are small size, less than one half per- 

cent error from set point, high efficiency power transfer, and 

negligible radiated power.  Separate thermistor readouts are 

provided for GSE panel monitoring of the component temperatures, 

The ancillary electronics consist of the telescope door 

electronics and the hot wire calibration source. 

The door assembly is controlled via the system command 

panel. Activation of the switch energizes a relay which en- 

gages the 28V-DC motor.  The door travel is limited by contact 

switches in the closed and retracted positions. 

The hot wire calibration source provides the internal 

signal during the pre-flight checkout. The source consists of 
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a 1.5 ß Nichrome wire which is heated by a direct current.  The 

voltage across the wire is closely regulated via a bridge cir- 

cuit so that the resistance is held constant, consequently, the 

radiance will be stable with time. 

2.2.6  Control Electronics 

The measurement system electronics control the operation 

of the interferometer, LN2 storage vessel, and the telescope 

door mechanism as well as the tape recorder and gimbal mount. 

The circuitry is arranged on printed circuit cards according to 

related control functions.  The interchange of sensor heads re- 

quires a similar interchange of all plug-in PC cards with cards 

specifically designed to provide unique control of the Phoenix 

sensor.  Functionally, a majority of the Phoenix circuitry is 

identical to the Firebird electronics, allowing card for card 

replacement without hardware modifications to the system wiring, 
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PROCUREMENT 

3.0    General 

Since virtually all of the components used in the fabri- 

cation of the Phoenix system were purchased from outside vendors, 

a major portion of the early program effort was involved with 

procurement.  This effort required and received the close co- 

operation and coordination of the Engineering, Quality Assurance 

and Reliability, and Purchasing departments.  Purchase speci- 

fications were written, vendor capabilities were evaluated and 

vendor surveys run, all received parts and material were 100% 

inspected and/or tested to assure conformance to  the speci- 

fication and purchase order requirements. 

I 
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SECTION IV 

SYSTEM DEVELOPMENT/QUALIFICATION 

4.0 General 

The successful completion of the Phoenix program was con- 

tingent on the development and qualification of interferometer 

components insensitive to low temperatures and varying attxtudes. 

Much of the early developmental work centered on the interfero- 

meter bearing qualification for low temperature operation.  Thxs 

initial work was a direct extension of the primary develpomental 

effort of the Firebird program to design, construct, and success- 

fully test a cryogenic interferometer bearing capable of preise 

linear motion over the entire sensor tracking range; ± 30° pitch, 

+ IQ» roll from zenith.  The end resul't of this multiprogram 

Effort is discussed in the following section with particular 

emphasis on the Phoenix application.  In addition to the bearxng 

discussion, the section also include, a brief description of the 

low temperature qualification of various other sensor com- 

ponents as well. 

4.1 Component Qualification 

The sensor components assembled and tested for low 

temperature operation included: the reference interferometer, 

the signal interferometer, the HeNe reference laser, and the 

numerous vacuum seals associated with the interferometer and 

external can. 

initially, the interferometer cubes were tested under 

static conditions.  The test configuration consisted of a "cold 

chamber" with transparent panels for viewing shifts In the 

fringe pattern produced by the two stationary interferometer 

reflecting elements illuminated with a monochromatic helxum 
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line source.  Both the signal and reference cubes maintained 

alignment to within 10 visible fringes at 80oK, well below 

the operating temperature range of the Phoenix senior. 

The second phase of the interferometer qualification 

was the verification of the sensor characteristics under 

dynamic conditions.  The test arrangement consisted of a 

reference interferometer, signal interferometer, and spring 

loaded bearing assembly.  A hot wire source was positioned 

in front of the signal cube entrance lens providir.g a con- 

trolled source of energy to monitor. The detectoc used with 

this configuration was a standard PbSe room temperature de- 

tector. 

The instrument was successfully operated in the vertical 

mode, the actual sensor orientation, exhibiting excellent 

running characteristics at the specified operating temperature 

of 250oK.  Following additional iterative testing employing 

low temperature piezoelectric compensation, the sensor was 

successfully operated at 220oK.  During each low temperature 

test of the instrument, the tilt characteristics of the sensor 

in various operating altitudes were monitored by observation 

of the peak to peak interferogram signal (see Figure 10).  In 

the final configuration, the amplitude stability of the signal 

was within 10% of the peak signal measured in the vertical 

position for all required attitudes. 

During low temperature operation of thö sensor, it was 

observed that the HeNe reference laser, Hughes Model 3121 H-P, 

would detune severly if temperature gradients, in excess of 

30oK, were supported along the tube length.  A failure analysis 

indicated the problem was due to the unique construction of the 

laser cavity which utilizes an integral plasma tube-resonant 
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FIGURE 10 

TILT SENSITIVITY 
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cavity assembly.  The cavity mirrors for this unit are held 

in place with an epoxy based cement suitable for stable uni- 

form temperature operation.  However, the thermal properties 

of the epoxy are soch that a relatively small variation in 

temperature along the tube length produced a significant 

stress on the epoxy held components resulting in cavity mis- 

alignment.  The vendor was appraised of the problem and sub- 

sequently furnished a modified version of the integral cavity 

laser employing glass to glass seals which were qualified for 

dynamic as well as low temperature operation.  The availability 

of this modified laser is not expected to present a problem 

in itself as the revisions have been incorporated into the 

vendor's standard unit.  In addition to the modified laser 

construction, convective currents circulating around the 

laser are minimized with the design of a laser enclosure 

utilizing superinsulation to maintain a uniform temperature 

in a semistatic environment. 

The qualification of various vacuum seals for low tem- 

I.      perature operation consisted of a complete evaluation of metal 

•C- rings, spring loaded teflon seals, and silicone "0" rings 

in test setups closely approximating the actual sensor con- 

figuration.  Each seal was chosen for evaluation based upon 

the material thermal characteristics and seal resiliency as 

well as cost and availability.  The results of the repeated 

low temperature high vacuum cycling of each component in- 

dicated vacuum rated performance of properly prepared silicone 

and teflon seals to temperatures approaching 190°K while the 

effective range of the metal seals was found to extend to 

liquid nitrogen temperatures.  The decision to use silicone 

and teflon seals throughout the sensor was based primarily 

on their cost and fieldworthy construction. 
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4.2  Interferometer Bearing Development 

One of the primary objectives of the program development 

phase was the qualification of a low temperature bearing 

mechanism providing the highly precise motion of the moving 

mirror required in all tracking attitudes.  Previous work 

with cryogenic bearing mechanisms undertaken during the Fire- 

bird progran resulted in the design and construction of a 

unique interferometer bearing assembly incorporating a constant 

spring pressure to insure minimum tilt or wobble of the moving 

bearing over the entire stroke.  Unfortunately, the development 

and qualification of this bearing expended a significant portion 

of the Firebird program time and funds without a substantial 

return in working hardware resulting in an extension of the low 

temperature qualification effort to the Phoenix program.  Essen- 

tially, the Phoenix effort entailed repeated low temperature 

cycling of an assembled sensor, observing bearing dynamic 

characteristics with the sensor orxentated in various operating 

attitudes, making appropriate modifications as necessary. 

The bearing ^evelopp-d for the Firebird/Phoenix programs 

after considerable, time and effort consists of a spring loaded 

glass inner bearing with a threaded zirconium mirror mount 

epoxied to each end, a spring loaded glass outer bearing sleeve, 

and a dry film lubricant (see Figure 11).  The outer glass 

bearing sleeve contacts the surrounding magnet assembly at 

two orthogonal points with a coil spring providing a force of 

250 grams under a 1 g environment, five times the mass of the 

moving assembly, at a third contact point.  As the surrounding 

magnet iron contracts due to low temperature, essentially all 

of the force is transferred to the spring rather than the 

bearing sleeve, resulting in i constant external compression 

on the sleeve independent of temperature. 
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Orientation stability:  signal interferogram stability 

shall be within 10% of the measured peak at a vertical 

position for all tracking altitudes, pitch ± 30°, 

roll + 10°. 

Rotational bearing tilt:  less than 0.5 arc minutes 

per 180° rotation. 

Longitudinal bearing tilt:  less than 10 arc seconds 

per centimeter stroke. 

External stress components on the outer fixed bearing 

shall be a uniform minimum. 

Initial qualification of the bearing for low temperature 

operation consisted of visual inspection of the static alignment 

in "cold chamber" tests.  Typically, the shift at 220oK was less 

than 15 fringes in the visible corresponding to a mechanical 

motion of 6 arc seconds over the entire bearing length.  As a 

second check, the bearing tilt was measured using autücolliination 

techniques at room temperature.  The results were in good agree- 

ment with the cold chamber observations indicating stable low 

temperature dynamic operation was possible.  Autocollimation 

techniques were also used to measure the rotational runout of 

the bearing under static room temperature conditions.  The rota- 

tional tilt was measured at 0.5 arc minutes per 180° rotation, 

considerably better than previous cryogenic bearing designs. 

The second phase of the bearing qualification consisted 

of dynamic operation with a complete interferometer assembly, 

monitoring the transducer drive voltage waveform and the peak 

to peak signal interferogram for shifts in the operating 

characteristics of the bearing, see Table 4 for a typical dynamic 

operation data sheet.  Excellent running characteristics were 

obtained during this dynamic testing phase.  The transducer 

i 
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TABLE 4 

INTERFEROMETER DRIVE DATA SHEET 

1.0 

1.1 

1.2 

1.3 

2.0 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

3.0 

3.1 

4.0 

4.1 

4.2 

4.3 

4.4 

4.5 

5.0 

5.1 

5.2 

5.3 

5.4 

6.0 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

Phoenix Instrur.cnt 

Retardation  1.56 

Date   20 May 1974 

cm 

Serial No. 

Cube Temp. 

Time 1610 

251.8 »K 

Transducer Attitude Vertical 

Reverse Direction Pulse Time   

Reverse Direction Pulse Amplitude 

Reverse Direction Time   

6.0 ms 
+ 17 volts 

80 ms 

Reverse Direction Amplitude 

Reverse Mono Frequency   

Reverse Mono Amplitude   

Reverse WHT Light Amplitude 

+7.8. volts 

280 KHz 
9.0 VDD 

27 VE£ 

Stop Start Pulse Time   

Stop Start Pulse Amplitude 

0.8 ms 
• -7.5 volts 

Forward Scan Time   

Forward S^an Voltage   

Forward   (Mono)   Stop Time 

Forward Mono Frequency _ 

Forward Mono Amplitude 

250 •.ms 
-2.0 volts 
0.25 ms 

100 KHz 
9.0 Vuo 

Forward WHT Light Amplitude 

Position Error Amplitude 

27 VDD 

+   3.5  +0+4.5 volts 
20m Velocity Error Amplitude   (Middle  of Scan) 

Velocity Error Amplitude   (At Beginning of Sync)    +1-0 

Time Between Forward and Reverse WHT Light  • 

Reverse  Stop Time 
(Time  Taken  to Stop in Reverse  Direction) 

VDD 

Vp? 

ms 

0.7 ms 

Position Summing Resistor   

Velocity Summing  Resistor   

Position Integrating Capacitor 

Position Input Resistor   

5.6K| I UK R45 
5.6K     UK R20 

0.047 C14 
15K R43 

Start Stop Pulse Capacitor  0.33| |0.22 

Reverse  Direction Pulse  Capacitor 2  yf 

C13 

Cll 

Reverse  Direction Amplitude  Resistor 3.6K||9K||5.1K||10KR2 4 
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servo loop parameters required only slight adjustment to com- 

pensate for the slightly stiffer motion of the bearing at 250oK. 

In addition, the tilt sensitivity of the instrument at this 

temperature was virtually nonexistent with the peak to peak 

signal interferogram varying less than 10% in all tracking 

attitudes.  This observation generally substantiates the 

accuracy of the static testing performed on the bearing assem- 

bly. 

Dynamic operation of the sensor at 220oK was accomplished 

at the close of the testing phase.  The sensor performed 

successfully using the same qualification criteria as above 

with only minor servo loop adjustments.  The orientation 

stability of the sensor at 220oK wab in good agreement with 

the 250oK data (see Figure 12) . 

The decision to maintain the double cube assembly, in- 

cluding the bearing mechanism, at 2500K had been made prior to 

the successful operation of the sensor at 220oK.  This commit- 

ment was based primarily on the extensive test data compiled 

indicating the stable reliable performance of the sensor 

operating at 250oK.  Additional iterative testing of the senso~ 

at 220oK would be necessary to qualify the instrument in such 

a manner. 
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FIGURE 12 

ORIENTATION SENSITIVITY AT 220oK 
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SECTION V 

SENSOR CONSTRUCTION AND OPERATION 

5.0 General 

A fully functional interferometer spectrometer head was 

constructed at Block Engineering, Inc., Cambridge, Massachu- 

setts and completed for final acceptance testing in October 

1974.  The assembled sensor {Figure 13) was integrated with 

the Firebird system and operational tests were performed at 

the contractor's facilities demonstrating the full system 

capability.  Actual operation of the system is covered at 

length in the various subsystem operating and maintenance 

manuals and drawings, schematics and informational material 

which have been supplied to the user organization. 

The following listing describes the problems encountered 

during the manufacturing and test operation phase and describes 

the analysis and subsequent corrective action taken in each 

instance. 

5.1 Major Problems and Corrective Action 

Component Fai]ures 

A.   Liquid Nitrogen Gas Generator, Cryogenic Associates, Inc 

Block Engineering Drawing No. 632181-A 

Description of Problem: 

(1) Internal heater failure 

(2) Large electrical leakage path between liquid level 

sense elements and housing, degrading level sense 

dynamic range 

Failure Analysis and Corrective Action: 

(1)  Heater failure mechanism identified as water con- 

densation in the heater element during vendor 

assembly 
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(2) High leakage to casing attributed to the multiple 

layers of superinsulation surrounding the electrical 

heater and level sense leads providing a shunt 

capacitance to ground 

(3) Unit returned to vendor for refurbishment 

(4) Subsequent testing of the modified gas generator 

produced a second heating element failure due once 

again to excess moisture condensation.  The decision 

was made at this point to eliminate the gas generator 

in favor of a direct liquid nitrogen transfer path 

from the LN2 storage reservoir to the sensor cooling 

loop.  Functionally, this new approach was essentially 

identical to the original gas generator arrangement 

with two noteworthy exceptions.  First, the direct 

technique utilized the cooling loop exit temperature 

in place of the gas generator level sense to control 

the LN2 flow.  Second, and perhaps the only inherent 

disadvantage associated with the gas generator 

elimination, is the critical dependence of the 

cooling loop capacity on the supply reservoir pres- 

sure.  Repeated testing of the sensor cooling 

system, varying both supply pressure and the total 

elapsed time in the initial cooldown mode indicated 

an optimum cooling rate - hold time condition could 

be obtained with a supply pressure of 23 psig. 

Figure 14 illustrates a number of critical cryosystem 

parameters using the direct cooling approach. 

Component Failures 

B.  High Voltage Regulated Power Supply, Power Tech- 

nology, Inc., Block Engineering Drawing No. 623377 
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Description of Problem: 

(1) Initial performance at room temperature and prej3sure 

satisfactory 

(2) In use exposure to low pressure (0.5 psig) - cata- 

strophic failure 

Failure Analysis and Corrective Action: 

(1) Failure mechanism identified as device breakdown 

due to corona discharge 

(2) Discussions with the vendor indicated a component 

packaging problem existed internal to the supply 

due in part to the additional nonstandard filtering 

required for this particular supply 

(3) Unit returned to vendor for refurbishment and re- 

packaging for low presse >-; operation as originally 

specified 

Design Problem 

A.  Thermal loading on External Instrument Housing 

Description of Problem: 

(1)  Conductive heat transfer via the housing lip cooled 

the external housing wall and the instrument top 

plate sufficiently for frost formation 

Failure Analysis and Corrective Action 

(1)  Thermal analysis and retest indicated insufficient 

thermal isolation between the inner housing wall and 

the cooling coils.  The reduced isolation overcame 

the action of the top plate heater allowing the 

temperature of all external surfaces to drop below 

the ambient dew point, a particular problem during 

sea level cooldown. 

. 
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(2)  Thermal loading of the top plate was minimized with 

the addition of a phenolic ring spacer between the 

housing and the top plate. Additional testing 

indicated a significant but not complete reduction 

condensation on the top plate.  This residual moisture 

had ^o adverse effect on instrument operation. 

Design Problem 

B.   Piezoelectric Fixed Mirror Adjust 

Description of Problem: 

(1)  Arcing from piezoelectric elements to case a high 

voltage 

Failure Analysis and Corrective Action: 

(1) Arcing attributed to large voltage spikes across 

piezo elements if the adjustable voltage potenti- 

ometer was allowed to turn more than 300°, tra- 

versing a maximum/minimum voltage discontinuity. 

(2) The problem was remedied with the addition of 

mechanical stops on the potentiometers, limiting 

the rotation 

Design Problem 

C.   Bearing Assembly 

Description of Problem: 

(1)  Excessive amount of energy necessary to reliably 

drive the moving mirror assembly 

Failure Analysis and Corrective Action: 

(1)  Stiff operation of the bearing atributed to excess 

amounts of contamination and lubricant buildup on 

the outer bearing sleeve 

r 

1 
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(2) The mechanism was partially disassembled and cleaned 

of residue at the bearing ends.  The static and dy- 

namic characteristics of the bearing were not mea- 

sured during this refurbishment due to the impracti- 

cality of a complete sensor disassembly and realign- 

ment. 

(3) Subsequent operation of the instrument required a 

significantly reduced amount of energy to drive the 

moving mirror assembly. 

U 

-50- 

Klock   r.njtinrcrinjt,  Inc. 

  „,.,.„.. 1 - --- 



F^mpmpnLilipi'i I'   '•Wffx.Hiwii.i i   uiiup ■M'n     "'■.i       "■-        ^M;i.
|i"">wipWBji^p|p!p^p^pi»w!ni;-<i,1ui|wji?,F»wT-'i p«' .jmumi'in •.vnw«mpmiwr   wi*a 

• • 

.. 

.. 

.. 

.. 

.. 

:: 

SECTION VI 

ACCEPTANCE TESTING 

6.0 General 

This section presents the results and conclusions of a 

series of tests and demonstrations performed by the con- 

tractor for the purposes of verifying conformance with certain 

performance requirements shown in the section entitled "Design 

Specifications".  Testing wa- carried out in accordance with 

Block Engineering Acceptance Procedure, PNX-282002, identified 

as line item 003 of the Phoenix contract data requirements 

list. 

6.1 Calibration 

6.1.1 Field of View Measurement 

The instrument field of view measuremeiit was obtained with 

the interferometer drive disabled and the input energy on the 

detector modulated by a rotating chopper wheel.  A continuous 

scan of the field in both azimuth and elevation directions was 

recorded and evaluated with the instrument at. room temperature. 

The plot of the instrument fiela of view in the azimuth and 

elevation scans is shown in Figures 15 and 16 respectively. 

The plots indicate a circular fif^ld of view, 5.8 mr full angle, 

which is in good agreement with the design specifications. 

6.1.2 Reso i.ution Verification 

The spectral resolution of the sensor was verified by 

evaluating computer processed spectra of a 3.39 ym HeNe laser 

source.  Figure 17 reveals the unapodized 3.39 ym line profile 

with a measured frequency spread at one half the peak intensity 

equal to 0.64 cm"1.  Although this working resolution was within 

the design specification, the line profile was slightly broader 
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than the expected resolution based upon the optical retardation 

of the instrument. 

3   1 -1 Av (working resolution) = j x ^ = 0.48 cm 

This anomaly was attributed to a bearing tilt factor in excess 

of 10 arc seconds present at the end of the stroke which pro- 

duced an apodization of the monochromatic signal interfero- 

gram similar to a computer generated trapezoidal apodization 

function.  As with any mathematic filtering process or apodi- 

zation performed on the interferogram, regardless of origin, 

the spectral resolution will be degraded to some extent, 

becoming more pronounced at shorter wavelengths. 

A subsequent investigation into the deterioration of the 

bearing performance during these calibration procedures con- 

cluded that a partial disassembly of the bearing mechanism 

during the operational checkout of the instrument was responsible 

for the change in dynamic operating characteristics of the 

bearing. 

Figure 18 illustrates the working resolution of the sensor 

with the interferogram filtered with a computer generated tri- 

angular apodization function of the form 

A =  1 -(|6|/L) 

where 

A = apodization  function 

6  = optical  path difference,   cm 

L = maximum optical  retardation,   cm 

As expected,   the  apodized spectra  half peak  line width was 
slightly broader at  0.87  cm " which  is  the anticipated result 
when one attempts  to correct a monochromatic  interferogram by 
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multiplication with e  triangular apodization function.  A 

visual inspection of Figure 18 reveals that the apodized 
2 

spectra closely approximates the ideal sync  transform of a 

monochromatic source with its reduced side lobes and smaller 

negative intensities. 

6.1.3  Instrument Sensitivity 

The predicted NESR (noise equivalent spectral radiance) 

of the sensor can be determined from the following relation 

/AT     /AT /Si 
NESR =  «_ . __d  

rieD*Av/T   TiOD*Av 

where 

-3       2 A,  = area of  the detector,   7.8  x  10       cm 

n    = optical efficiency,   10 

-3       2 9    =  throughput,   2  x  10       cm -ster 

Av ■ resolution,   0.64  cm 

T    = integration time,   0.35  sec/scan 

Af  = 1/T,   2.86  Hz 

D* = figure of merit, see discussion below. 

As mentioned previously, see Table 2, the measured detector D* 

using a simulated uniform 220oK background radiance was 

D* k = 3.63 x 10
11 cm-Hz^-uatt"1 

In practice, the detector experiences a background flux level 

somewhat higher than the 220oK test conditions due to the 250oK 

interferometer operation.  As a result, the actual working 

detector D* is predictably less than the above value.  An 

accurate determination of the working D* is obtained in the 

following manner.  For a uniform 220oK background at altitude, 

the following photon flux is calculated 
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*     (220oK) = 6.3 x 1012 photons-sec-1 

Now for a 220oK background with the interferometer operating 

at 250oK exhibiting a typical emissivity, e, of 0.4 

♦o-5.5|l<"orkin»' = i: [V5.5M(250°K)
] 
+ 

I1"']  [V5.5p<220°Ki| 
13 -1 = 1.58 x 10  photons-r;ec 

The reduction in D* is expressed as the following ratio 

[ <I>(220
oK) ^ 

4> (working) 

12 • 6.3 x 10 

. 1.58 x 101J 
= 0.63 

D 
or 

D*   = 2.28 x 1011 cm-Hz -watt-1 Apk 

Returning to the NESR calculation, D^ . can now be con- 

verted to a spectral D? to obtain a predicted NESR at the 

wavelengths of interest 

D* (2M ,1000,1) = 1.13 x 1011 cm-Hz^-watt""1 

11     h -1 D*(4y,1000,1) = 2.06 x 10  cm-Hz2-watt 

Substitution into the expression for sensitivity yields 

-8        2       -1 NESR(2y) = 1.04 x 10  watts/cm -ster-cm -scan 

-9        2       -1 
NESR(4VJ) = 5.7 x 10  watts/cm -ster-cm  -scan 

The actual measured NESR of the instrument was determined 

from the computer processed spectra of a calibrated point 

' 
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source blackbody.  Numerically, the noise equivalent spectral 

radiance is equal to the ratio of the radiance to the rms 

signal to noise in the spectrum and was calculated by computing 

the theoretical blackbody irradiance at a particular temperature 

and wavelength and measuring the signal to noise from a plotted 

background corrected spectrum of an observed collimated point 

source blackbody of the same temperature.  The sensitivity 

initially calculated as an NESI (noise equivalent spectral 

irradiance) was then divided by the solid angle field of view 

to obtain an NESR. 

NESR = 
NESI   HB,(A,1000°K) 

ft ~S/N x a 

where 

H  U,1000oK) ■ theoretical spectral irradiance, 
BB 2-3 

watts/cm -cm 

o/N = rms signal to noise ratio at the wavelength of 

interest, obtained from plotted spectra (sue 

Figures 19-21) 

SI =  solid angle field of view, ster 

At 4 microns 

_o        2       -1 
NESR = 1.55 x 10  watts/cm -ster-cm -scan 

At 2 microns 

_p        9       -1 
NESR = 2.88 x 10  watts/cm -ster-cm -scan 

Both NESR values indicate the system sensitivity viewing a 

300oK external background with the interferometer operating 

at 250oK.  The actual improvement in sensitivity with a re- 

duction in the external background temperature from 300oK 

to 220oK was determined from plotted noise data obtained 
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during the environmental qualification of the instrument at 

Acton Environmental Laboratory, Inc., Acton, Mass.  Figure 22 

shows the normalized noise in the spectrum with the instrument 

viewing a 300oK external background.  Figure 23 shows the 

normalized noise in the spectrum with the instrument operating 

at 250oK viewing a cold, 2180K external surface.  A comparison 

of the "average" peak to peak noise in each spectrum shows a 

reduction in noise, hence an improvement in sensitivity by a 

factor of 2.3, therefore 

NESR {4y, 220oK ext bkgd) - 6.7 x 10 
-9 

2        -1 watts/cm -ster-cm -scan 

-8 
NESR {2y, 220oK ext bkgd) - 1.2 x 10 

,2 -1 watts/cm -ster-cm -scan 

These values, although in good agreement with the predicted 

result based on the measured D*, tall somewhat short of the 

following design constraints 

-9 2        -1 NESR (4)0 = 2 x 10  watts/cm -Eter-cra -scan 

-9        2       -1 NESR (2y) =4 >: 10  watts/cm -ster-cm -scan 

Analysis of the compiled sensor test data attributed the failure 

to meet NESR requirements to the observed low detector sensi- 

tivity improvement at 220oK background (see Table 2).  The tabu- 

lated results indicate an improvement factor of 2.1 currently 

exists with the Phoenix detector, significantly less than the 

5.9 improvement factor predicted by photon flux reduction. 

This anomaly, further supported by a comparison of the noise 

spectra in Figures 22 and 1"     is due primarily to significant 

internal noise mechanisms within the detector, particularly 

1/f dependent noise, which become dominant at low background 

limiting sensitivity improvement. 
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It should be noted that the measured system sensitivity 

was obtained without spectral range reduction using the de- 

signed cold filtering capability.  As mentioned previously, 

with the filter inserted a significant improvement in sensi- 

tivity was expected.  However, due to the predominant de- 

tector noise under reduced background conditions, this im- 

provement is unlikely to be realized. 

6.1.4  Spectral Range Verification 

The spectral range of the sensor without the cold filter 

was verified to be 2 - 5.5 microns via examination of the 

plotted 1000oK blackbody spectrum shown in Figure 20. 

6.2 Environmental Qualification 

The environmental qualification of the Phoenix system 

consisted of extended operation of the optical head in a 

simulated high altitude environment of 80,000 feet.  The 

tests were conducted at Acton Environmental Laboratory, Inc. 

All systems were functionally verified as operating properly 

with the exception of the. reference laser high voltage power; 

see Section 5.1 "Major Problem and Corrective Action" for a 

detailed discussion of the problems encountered. 
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